CONSPECTUS: Photovoltaic (PV) devices that harvest the energy provided by the sun have great potential as renewable energy sources, yet uptake has been hampered by the increased cost of solar electricity compared with fossil fuels. Hybrid metal halide perovskites have recently emerged as low-cost active materials in PV cells with power conversion efficiencies now exceeding 20%. Rapid progress has been achieved over only a few years through improvements in materials processing and device design. In addition, hybrid perovskites appear to be good light emitters under certain conditions, raising the prospect of applications in low-cost light-emitting diodes and lasers. Further optimization of such hybrid perovskite devices now needs to be supported by a better understanding of how light is converted into electrical currents and vice versa. This Account provides an overview of charge-carrier recombination and mobility mechanisms encountered in such materials. Optical-pump−terahertz-probe (OPTP) photoconductivity spectroscopy is an ideal tool here, because it allows the dynamics of mobile charge carriers inside the perovskite to be monitored following excitation with a short laser pulse whose photon energy falls into the range of the solar spectrum. We first review our insights gained from transient OPTP and photoluminescence spectroscopy on the mechanisms dominating charge-carrier recombination in these materials. We discuss that mono-molecular charge-recombination predominantly originates from trapping of charges, with trap depths being relatively shallow (tens of millielectronvolts) for hybrid lead iodide perovskites. Bimolecular recombination arises from direct band-to-band electron−hole recombination and is found to be in significant violation of the simple Langevin model. Auger recombination exhibits links with electronic band structure, in accordance with its requirement for energy and momentum conservation for all charges involved. We further discuss charge-carrier mobility values extracted from OPTP measurements and their dependence on perovskite composition and morphology. The significance of the reviewed charge-carrier recombination and mobility parameters is subsequently evaluated in terms of the charge-carrier diffusion lengths and radiative efficiencies that may be obtained for such hybrid perovskites. We particularly focus on calculating such quantities in the limit of ultra-low trap-related recombination, which has not yet been demonstrated but could be reached through further advances in material processing. We find that for thin films of hybrid lead iodide perovskites with typical charge-carrier mobilities of ∼30cm 2 /(V s), charge-carrier diffusion lengths at solar (AM1.5) irradiation are unlikely to exceed ∼10 μm even if all trap-related recombination is eliminated. We further examine the radiative efficiency for hybrid lead halide perovskite films and show that if high efficiencies are to be obtained for intermediate charge-carrier densities (n ≈ 10 14 cm −3 ) trap-related recombination lifetimes will have to be enhanced well into the microsecond range.
■ INTRODUCTION
A new generation of thin-film photovoltaic cells based on hybrid organic−inorganic metal halide perovskite absorbers has recently emerged, exhibiting high efficiencies now exceeding 20% for lead-based compounds. 1 Perovskites are materials that crystallize in the same structure as calcium titanium oxide, that is ABX 3 . Here, A is typically an organic cation, such as methylammonium (MA) or formamidinium (FA), B is a divalent metal (Pb, Sn, Ge), and X is a halide anion such as I, Br, or Cl. 2 Such hybrid perovskites allow low-cost solution processing in air and absorb broadly across the solar spectrum, making them an exciting new component for clean energy generation. In addition, photovoltaics devices based on simple thin-film planar-heterojunction architectures are possible 3 for materials with charge-carrier diffusion pathways that are sufficiently long to allow for charge migration through a whole absorber layer. 4 The charge-carrier generation, diffusion, and recombination of free charge carriers are hence crucial to the operation of solar cells, yet an understanding of these properties is only just emerging.
Spectroscopy with radiation in the terahertz frequency range is a powerful tool allowing the examination of charge carriers because their presence significantly modifies the dielectric response of a medium in the low-frequency range. Opticalpump−terahertz-probe (OPTP) spectroscopy offers the additional capacity to time-resolve changes in the electric field amplitude (ΔT/T) of a single-cycle terahertz pulse transmitted through a sample as a function of time delay after optical excitation (see Figure 1 ). For photoconductive materials, the recorded transients typically reflect changes in photoconductivity, σ = enμ, where e is the elementary charge, n the photoinduced charge-carrier density, and μ the charge-carrier mobility. 5 Therefore, with knowledge of the absorbed photon density and the photon-to-charge branching ratio ϕ, the chargecarrier mobility can be extracted from the initial values of ΔT/ T in a contactless fashion. 5 The subsequent decay of the photoconductivity signal is generally attributed to charge-carrier dynamics, such as recombination or transfer across interfaces. 5, 6 OPTP offers time resolution only limited by the (subpicosecond) pulse durations and allows the full amplitude waveform of the terahertz pulse to be recorded, from which the time-depdendent complex photoconductivity spectrum in the terahertz region can be extracted, allowing an analysis of the conduction mechanisms. We have previously used OPTP to examine photovoltaic materials such as polymer−fullerene blends 7 and dye-sensitized mesoporous metal-oxide layers, unravelling, for exammple, the mechanisms underlying lightsoaking effects, 8 delayed electron injection, 6 ,9 charge trapping, 10 and interface engineering. 11, 12 Therefore, hybrid metal-halide perovskites provided an ideal opportunity for us to establish the photophysics that make these materials so highly effective as light absorbers and charge conductors. Figure 1a shows the terahertz photoconductivity transients 5 recorded for a thin film of MAPbI 3−x Cl x produced via dualsource vapor deposition as described in ref 3. These decay dynamics are typical for thin films of hybrid lead iodide perovskites produced through a number of different fabrication techniques and film architectures. 5,13−15 At high excitation pulse fluences (corresponding to high initial charge-carrier densities) charge-carrier dynamics are fast, indicating recombination processes involving more than one charge-carrier, such as bimolecular electron−hole or Auger recombination. At very low fluences, the photoconductivity signal plateaus over the 2.5 ns observation window, showing that density-independent, monomolecular recombination is associated with significantly longer lifetimes. In hybrid lead halide perovskites such monomolecular recombination channels are therefore typically assessed through simpler techniques that do not require subpicosecond time resolution, such as time-correlated single photon counting (TCSCP). 5, 16 Figure 1b shows a typical timeresolved photoluminescence (PL) transient for the same MAPbI 3−x Cl x film, as recorded by TCSPC. At low excitation fluence, decay tails become monoexponential in accordance with monomolecular decay channels.
■ CHARGE-CARRIER RECOMBINATION MECHANISMS
The dynamics of charge-carrier recombination through monomolecular and higher-order processes are generally governed by the following rate equation
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where G is the charge-density generation rate, k 1 the monomolecular charge-recombination rate, k 2 the bimolecular electron−hole recombination rate constant, and k 3 the Auger recombination rate constant. Here R T (n) is the total charge recombination rate given by
(2) which depends on charge-carrier density n and, for pulsed excitation, time t. Global fitting of the solutions to eq 1 to data such as those shown in Figure 1 allows for the extraction of k 1 , k 2 , and k 3 for any examined material. Through this method, we have extracted such rate constants for a wide range of hybrid metal halide perovskites, 5, [13] [14] [15] 18 as summarized in Table 1 . Below we review our findings on rates and mechanisms associated with these three contributing recombination pathways.
Monomolecular charge-carrier recombination is by definition a process involving one "particle", which in a typical semiconductor may constitute either a conduction-band electron, a valence-band hole, or an exciton composed of an already bound electron−hole pair. The current consensus view is that the predominant species present at room temperature in hybrid lead halide perovskites are free charges rather than excitons. 2 This notion is supported by the relatively low values of the exciton binding energy reported at room-temperature for these materials 19−21 and by observations of just one characteristic recombination kinetic, independent of whether photoluminescence, transient absorption, or photoconductivity are probed. 4, 13, 22 Therefore, the monomolecular decay component observed for these materials most likely originates from trapassisted recombination, which depends on the trap crosssection, energetic depth, density, and distribution, which are subject to sample processing and handling conditions. 3 on the other hand, we reported a monomolecular recombination rate that was almost 3 orders of magnitude higher than those typical for MAPbI 3 (see Table 1 ). We have attributed this effect to high self-doping of MASnI 3 in the presence of Sn 4+ , which leads to fast recombination of electrons with a high background density of holes released from such p-dopants. 18 For the mixed-halide iodide−bromide perovskite system FAPb(Br y I 1−y ) 3 , we have shown the monomolecular recombination rate to be strongly linked with crystalline disorder.
14 For thin-film materials within the central region (y ≈ 0.3−0.5), trap-related recombination was found to be significantly accelerated, 14 in correlation with compositional instabilities and amorphous morphologies that occur in this region. 25 These examples highlight the expected correlation of trap-related recombination with material purity and crystallinity.
To gain further insight into the nature and mechanisms of trapping in hybrid perovskites, we have recently examined the trap-mediated recombination rate k 1 for MAPbI 3 over the temperature range of 8−340 K. 15 Values for k 1 were found to decrease monotonically with decreasing temperature across all three crystal phases probed. Such a temperature dependence is consistent with charge trapping by ionized impurities: as the temperature is lowered, donated dopant charges return to the ionized impurities, in effect passivating them. 15 From an Arrhenius analysis, the activation energy for such trap passivation was found to be 20 meV in the room-temperature tetragonal phase of MAPbI 3 films, 15 in agreement with other experimental 23 and theoretical 26, 27 studies suggesting the presence of predominantly shallow traps in MAPbI 3 .
Bimolecular charge-carrier recombination between electrons and holes in a direct semiconductor can be viewed as intrinsic photon-radiative recombination that directly relates to the reverse process of light absorption. Bimolecular recombination rate constants k 2 therefore ought to exhibit significantly lower dependence on material processing than trap-assisted charge recombination. Table 1 shows that some variation exists in the extracted value of k 2 even for similar materials, which may for example arise from infusion of the material into a mesoporous metal-oxide scaffold that may affect crystallite size 24 and the value of the dielectric function of the effective medium 29 comprising a nanostructured metal-oxide/perovskite composite. While comparisons therefore have to be made with care, the values shown in Table 1 suggest that lighter halides and metals yield higher bimolecular recombination rates. For example, k 2 appears to be substantially larger 18 for MASnI 3 than the equivalent leadcontaining compound MAPbI 3 . Similarly, we have recently shown 14 that across the mixed-halide iodide−bromide perovskite system FAPb(Br y I 1−y ) 3 , the bimolecular recombination rate constant increases monotonically with increasing bromide content y by an order of magnitude from FAPbI 3 to FAPbBr 3 . One possibility is that such effects are linked to bandstructure modifications, for example, through changes in spin−orbit coupling that have been shown to be sizable in such materials. 30 For the comparison of bromide with iodide lead perovskites, in particular, the well-known enhancement in excitonic binding energy for the bromide perovskites 31 may in addition lead to 
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Article changes in the continuum absorption near the band edge that can potentially contribute to the observed 14 increase in bimolecular recombination. A correlation of such bimolecular recombination rates with appropriate theoretical models would be highly desirable because it may aid the design of suitable new hybrid perovskite materials.
Materials with relatively low charge-carrier mobility are often referenced against the simple Langevin model, which assumes that recombination will occur once an electron and a hole move within their joint capture radius, which is presumed to be larger than their mean free path. 32 The Langevin model thus proposes a correlation between the bimolecular recombination rate constant k 2 and the charge-carrier mobility μ according to k 2 /μ = e/(ϵ 0 ϵ r ) because the charge-capture rate is enhanced through an increase in the approach velocity between electrons and holes. In an early study, we showed that the ratio of the bimolecular recombination constants k 2 of MAPbI 3 and MAPbI 3−x Cl x to the charge-carrier mobility was lower by at least 4 orders of magnitude than that stipulated by the Langevin model. 13 We have since examined all materials listed in Table 1 and found similarly strong deviations from the simple Langevin theory. 5, 14, 15, 18 Materials whose ratio of k 2 /μ falls short of the Langevin limit are highly desirable for photovoltaic applications, because they allow for long charge-carrier diffusion lengths, L D . We have shown 5 that if bimolecular rate constants adhered to the prediction of Langevin theory, L D ≈ 100 nm would be expected for MAPbI 3−x Cl x (as opposed to an actual value of 3 μm) at solar irradiation levels. Therefore, the nonLangevin bimolecular recombination in hybrid metal halide perovskites is crucial for photovoltaic devices with planar heterojunction architecture.
Non-Langevin bimolecular recombination has often served as a benchmark for photovoltaic materials with low charge-carrier mobility, for example, as in demixed blends of conjugated polymers with fullerene derivatives 7 or amorphous silicon. 33 For these materials, non-Langevin behavior was attributed to a spatial charge separation between electrons and holes. We have proposed 13 that similar effects may arise in hybrid lead-iodide perovskites because their valence band maxima consist of 6s-and 5p-orbitals of lead and iodine, while conduction band minima mostly incorporate 6p-orbitals of lead. 30, 31 Therefore, a weak preferential localization of electrons and holes in different regions of the perovskite unit cell may cause a reduction in the spatial overlap of electron and hole wave functions and hence recombination rates. 13 Such "self-trapping" effects of conduction-band electrons or valence-band holes in different atomic vicinities have been postulated for a range of metal halide crystals some decades ago 34 and will generally lead to strong electron−phonon coupling or polaronic effects. 34 We note that Stokes shifts between absorption onset and photoluminescence emission peaks are at most of the order of several millielectronvolts for MAPbI 3 at room temperature 15 suggesting that polaronic shifts are relatively small. However, we have demonstrated that terahertz photoconductivity spectra of MAPbI 3 carry modulations from lead-halide vibrations suggesting coupling between photoinduced charge-carriers and phonon modes. 5, 15 In addition, we showed the line width of the room-temperature emission from MAPbI 3−x Cl x films to be mostly homogeneously broadened with a broadening mechanisms arising from electron-phonon coupling. 17 Therefore, while polaronic or "self-trapping" effects in MAPbI 3 seem to be small compared with some metal-halide crystals, general electron−phonon coupling appears to have an effect on chargecarrier dynamics and recombination that requires further investigation into its nature and strength.
As an alternative approach, bimolecular radiative recombination in hybrid metal halide perovskites may be considered solely through the principle of detailed balance, taking into account the absorption and refractive index functions that arise from the electronic bandstructure near the band edge. 21, 35 Such approaches have been highly successful in modeling radiative recombination in high-charge-mobility inorganic semiconductors such as GaAs from band structure parameters. 36 An analysis of the temperature-dependence of k 2 allows further insight into the mechanisms for bimolecular charge recombination. We have recently conducted temperaturedependent OPTP measurements 15 on thin films of MAPbI 3 to determine k 2 in the range between 8 and 360 K. We reported a substantial increase in k 2 with decreasing temperature, across the three crystal phases. This effect may on the one hand be conceptually understood in the context of the simple Langevin model because we also observe a strong increase in chargecarrier mobility with decreasing temperature. 15 Hence, the approach velocity into the joint Coulomb potential of the electron and hole may be increased with decreasing temperature, enhancing bimolecular recombination. Again, an alternative and perhaps quantitatively more suitable explanation may be provided through an evaluation of changes in band-toband recombination with temperature. For GaAs, the bimolecular recombination rate constant has been shown 37 to increase with decreasing temperature T according to k 2 ≈ T −1.5 , which agreed well with bandstructure calculations within the Kane model for III−V semiconductors. 36 Similarly, analytical expressions for band-to-band recombination in two-dimensional semiconductors are able to correctly reflect the T −1 increase in bimolecular recombination with decreasing temperature. 38 In this band-structure picture, the temperature dependence of the bimolecular recombination derives to a large extent from the changes in thermal occupation of the electron−hole states near the band edge.
Auger recombination of charge-carriers is a many-body process involving recombination of an electron with a hole, accompanied by energy and momentum transfer to a further electron or a hole. 39 As a result, Auger recombination is strongly dependent on charge-carrier density as described by the Auger rate constant k 3 in eq 1. Auger recombination must conserve energy and momentum and therefore strongly depends on electronic band structure. 40 Simultaneous energy and wavevector conservation tends to be difficult to achieve when only two bands (e.g., a conduction and a valence band) are involved. Efficient Auger recombination therefore often includes additional bands, such as split-off bands arising from spin−orbit coupling, and may be aided by phonons accepting or donating momentum. Table 1 summarizes Auger recombination constants that we obtained from OPTP for hybrid lead-halide perovskites with different organic cations, halides, and film architectures. ), which is on average ∼25 times higher than the Auger rate constant for GaAs. 28 High-charge-density applications such as lasers may therefore suffer higher nonradiative Auger losses when based on hybrid lead-halide perovskites. However, we have recently shown that the expected strong link between Auger rates and crystal structure does appear to hold for such perovskites, 14, 15 and hence suitable band structure engineering may well reduce these rates dramatically. For
Article example, we demonstrated that Auger rate constants in MAPbI 3 exhibit exceptionally strong structural phase specificity, falling with increasing temperature in the orthorhombic phase (8−160 K), rising in the tetragonal phase (160−315 K), and falling again as the temperature is raised above 315 K in the cubic phase. 15 In addition, we found 14 that the Auger rate constant for the mixed iodide−bromide perovskite system FAPb-(Br y I 1−y ) 3 increased monotonously by an order of magnitude when the bromide fraction y was increased from 0 to 1, which coincides with the occurrence of gradual changes in pseudocubic lattice parameter. 25 Given the high flexibility of the perovskite lattice, further compositional changes that reduce Auger rates may well be feasible. Currently, hybrid perovskites are mostly developed for photovoltaic applications for which Auger recombination bears relatively little importance. For the emerging research on perovskite lasers, 41 Table 1 . We note that these values represent the summation over hole and electron mobilities because both contribute to the photoconductivity response. As discussed above, at room temperature bound excitons are a minority species in these materials, and we therefore assume that these values reflect the actual charge-carrier mobility values, μ. . Values for lead halide perovskites infused into mesoporous metal oxide matrices, on the other hand, are somewhat lower (8−12 cm 2 (V s) −1 ) in accordance with smaller grain sizes and interfaces that may limit charge motion. Interestingly, we have shown that the photoconductivity spectra for high-quality hybrid lead halide perovskite films across the terahertz frequency range are compatible with a standard Drude freecarrier response in the low-frequency limit; that is, they exhibit a flat, positive real part of the conductivity and a near-zero imaginary part. 5, 14, 15 For the tin alternative MASnI 3 on the other hand, we have observed the real and imaginary parts of the photoconductivity to increase with terahertz frequency, in accordance with charge-localization effects 18 similar to what is typically found for mesoporous metal oxide semiconductors.
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The low charge-carrier mobility of 1.6 cm 2 (V s) −1 that we determined for MASnI 3 may therefore reflect scattering from impurities and crystal boundaries, rather than the inherent potential of this material. For MAPbI 3 and related compounds, the Drude-like conductivity spectra however suggest that substantial enhancements of room-temperature charge-carrier mobilities (e.g., by many orders of magnitude) beyond the value of ∼30 cm 2 (V s) −1 are unlikely to be achievable. Further evidence for this may be garnered from the temperature dependence of the charge-carrier mobility. We have recently used OPTP to determine ϕμ for films of MAPbI 3 as a function of temperature T and found it to increase with T −1.5 from ∼15 cm 2 (V s) −1 at 370 K to ∼150 cm 2 (V s)
at 80 K. 15 Similar temperature dependencies have also been observed for the photoconductivity response of this material in the microwavefrequency range 23 and are typical of charge-carrier mobilities only limited by scattering off phonons, 45 as often observed for inorganic crystalline semiconductors such as silicon 46 and GaAs 47 in the higher-temperature regime. The room-temperature mobility of ∼30 cm 2 (V s) −1 that we determined for MAPbI 3 in the low-frequency regime therefore appears to mostly reflect intrinsic band-transport properties linked with scattering off lattice modes, rather than extrinsic factors such as impurities or grain sizes. We note that average mobilities determined for DC transport over large lengths scales may however still be more significantly limited by grain boundaries and hence be subject to material processing conditions.
Since we are able to determine both charge-carrier mobility and charge-density dependent recombination rates, R T (see eq 2), from such spectroscopic methods, the charge-carrier diffusion length, L D , can be evaluated, using
where T is temperature, k B the Boltzmann constant, and e the elementary charge. Importantly, charge-diffusion lengths need to exceed the typical absorption depths of up to a few hundred nanometers 17 in order for charges to be collected efficiently in planar-heterojunction devices. Figure 2 shows the room-temperature charge-carrier diffusion length for a typical high-quality hybrid lead iodide perovskite film as a function of charge-carrier density n for a Table 1 ). For other values of μ, the displayed L D has to be multiplied by [μ/30 cm 2 (V s)
. The inset shows, as a function of k 1 , the value n AM1.5 of the charge-carrier density obtained under steady-state solar (AM1.5) illumination conditions in the absence of charge extraction. The arrows in the main figure indicate the diffusion lengths that can be obtained at the values of n AM1.5 for the given traprelated recombination rates; that is, they mark diffusion lengths attainable under AM1.5 in the absence of charge extraction.
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Article range of different values of the monomolecular (trap-assisted) charge-carrier recombination rate. In accordance with Table 1 ) typical of standard MAPbI 3 films, charge-carrier diffusion lengths approach 3 μm in the low-charge-density regime, as we have previously reported. 5, 15 Given that the recombination parameters k 2 and k 3 are mostly intrinsic to the material (as discussed above), we are able to further make predictions on diffusion lengths that may be attainable if extrinsic, trap-assisted recombination rates (k 1 ) are to be varied, for example, through processing routes. Figure  2 shows that as k 1 approaches zero, the diffusion length becomes strongly dependent on n even in the low chargecarrier density regime, approaching the relationship L D = 0.88 μm × (10 18 cm −3 /n) 1/2 for MAPbI 3 as n ≪ 10 18 cm −3
. Therefore, in the regime of ultralow trap densities in particular, any charge-carrier diffusion length stated can only be sensibly provided within the context of the charge-carrier density present.
The inherent dependence of the charge-diffusion length on charge-carrier density raises the question of how these results relate to a typical photovoltaic device setting. An accurate answer would require full modeling of device characteristics, including charge-carrier drift under perceived electric fields, which is beyond this Account. However, as a simple indicative approach, we consider flat-band conditions close to V OC during which little current density is extracted. In this case, we may approximate dn/dt = 0 in eq 1 and solve the resulting cubic equation under knowledge of the spatially averaged generation rate ⟨G⟩ under AM1.5 solar illumination conditions to obtain a representative steady-state charge-carrier density, n AM1.5 . Here we again take k 2 = 10 The inset of Figure 2 shows the value of n AM1.5 as a function of the monomolecular charge recombination rate k 1 . For the range of ultralow k 1 = 0−10 5 s −1 (corresponding to τ = k 1 −1 = 10 μs to ∞), we find that n AM1.5 ≈ 6 × 10 15 cm −3 because bimolecular recombination is the dominant pathway here. For higher values of k 1 , however, trap-mediated recombination becomes the dominant process, yielding n AM1.5 = ⟨G⟩τ (where τ = k 1 −1 ), for example, n AM1.5 ≈ 4 × 10 14 cm −3 for τ = 100 ns. These values are indicated by corresponding vertical arrows in Figure 2 pointing to the typical charge-carrier diffusion lengths to be expected for different trap-related recombination rates under solar illumination and non-charge-extracting conditions. We note that under such conditions, a charge-carrier diffusion length of ∼10 μm will not be exceeded for μ = 30 cm 2 (V s)
even if all trap-related recombination is eliminated. The diffusion length scales with the square root of the chargecarrier mobility, and therefore values of L D for different assumed charge-carrier mobilities μ can simply be obtained by multiplication of the y-axis labels in Figure 2 
■ RADIATIVE EFFICIENCIES
The distinction of charge-recombination rates into the three mechanisms discussed above also allows us to evaluate the radiative efficiency of hybrid perovskites, if the radiative contributions from each process are known. Such knowledge is particularly important for an assessment of charge-carrier densities at which light-emitting applications such as LEDs and lasers may operate. Here, the general expectation would be for trap-related recombination (k 1 ) to be nonradiative because no clear spectral emission signature of trap states has yet been identified at room temperature for hybrid lead halide perovskites. In contrast, electron−hole band-to-band recombination (k 2 ) in a direct semiconductor ought to be radiative. Finally, Auger recombination (k 3 ) is inherently nonradiative given that energy and momentum is used for intra-or interband transitions and will mostly be lost. These assignments are supported, for example, by the experimentally observed sharp onsets of PL intensity toward the bimolecular recombination regime 21, 22 and an investigation of diode ideality factors that confirmed that while trap-assisted recombination was mainly nonradiative, bimolecular recombination was mostly radiative. 48 Therefore, under these assumptions, the radiative efficiency or photoluminescence quantum yield, Φ, is given by the ratio of radiative to total recombination rate components listed in eq 2, yielding as typical values for hybrid lead iodide perovskites (see Table  1 ). As expected, Figure 3 demonstrates that with increasing charge-carrier density, Φ initially increases toward the regime of increasing bimolecular recombination but then decreases again as the Auger recombination regime is entered. An examination of eq 4 reveals that the radiative efficiency reaches a maximum
2 1 at the charge-carrier density = n k k / peak 1 3 , both of which significantly depend on the trap-mediated recombination rate k 1 (see Figure 4) . Light emission from these materials therefore ought to be particularly effective for this "sweet spot" in charge-carrier density at which the bimolecular recombination rate k 2 n dominates over both monomolecular (k 1 ) and Auger (k 3 n 2 ) rates. Comparison with literature reports on the charge-carrier density dependence of Φ suggests that this simple model is surprisingly effective. 21 In addition, we note that onsets of amplified spontaneous emission (ASE) have been reported to occur at excitation pulse fluences of 7−70 μJ cm −2 in thin films of MAPbI 3 , corresponding to peak charge-carrier densities of (1−10) × 10 18 cm −3 for the given scenarios. 41−43 These onset charge densities coincide with the range of high radiative efficiencies for materials with trap-related recombination lifetimes of 10 ns
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Article to a few hundred nanoseconds, which are typical values now routinely achieved for these materials. Our trends shown in Figure 3 demonstrate that a significant reduction in trap-related recombination may allow for much-reduced onsets of efficient light-emission and ASE in these materials. To allow for quantitative targets, we plot in Figure 4a , as a function of the trap-related monomolecular recombination rate k 1 , the chargecarrier densities n on and n off at which values of 50%, 10%, and 1% radiative efficiency are reached. These curves show that for light-emitting devices to operate efficiently even in the medium charge-density regime (∼10 14 cm −3 ), trap-related recombination lifetimes will have to be in the microsecond regime.
■ CONCLUSIONS AND OUTLOOK
Hybrid metal halide perovskites have shown impressive performance as light harvesters and are emerging as promising light emitters. We have shown that their success is based on highly favorable charge-carrier mobility and recombination parameters. Charge-carrier mobilities are orders of magnitude above what would be expected from their ratio with bimolecular recombination rate constants from Langevin theory. As a result, both effective light absorption and charge conduction are possible, which makes these materials ideal for photovoltaic applications. High charge-carrier diffusion lengths in the range of 1−10 μm are achievable at solar irradiation levels even for currently typical monomolecular, trap-related recombination rates of tens to hundreds of nanoseconds. As a result, highly efficient solar cells based on planar-heterojunction architectures are already a reality at present. Our analysis shows that efficient operation of light-emitting applications based on these materials will require significant further reduction in traprelated recombination rates. However, these current boundaries could be changed dramatically through further research into new processing protocols that reduce trap densities and by judicious material band structure design to tune bimolecular and Auger recombination rates. Hence our assessment of intrinsic optoelectronic parameters of hybrid metal hybrid perovskites suggests a bright future for this material class.
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